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SUMMARY

A thermodynsmic method of determining the work inpubt to a cenbtrifu-
gal compressor operating with water Injectlon ls presented. The method
was uged to compute the work input to a double-entry centrifugsel com-
pressor, which was operated at deslign equivalent impeller speed over a
range of inlet water-glr ratios and varying welght flow. The work input
es determined in this manner agreed quite well with & measured shaft
Input when the concentration of water droplets at the compressor~cutlet
measuring station was small, As the concentration wes Increased, a more
pronounced scattering of the date resulted,

INTRODUCTICON

Injection of water at the compressor iniet introduces difficultiles
In the determinabtion of the state of the water-alr mixbture at the com-
pressor oubtlet and in the computation of enthalpy change. Becesuse the
percentage of water evaporated has been an indeterminate factor, the
evaluation of enthalpy increasse for each of the comstituents of the mix-
ture at the compressor outlet (namely, weter droplets, water vapor, and
alr) cannot be determined from Instrumentation conventionally employed.

The assumptlon of complete evaporation and the nse of temperature meass-

urenments from conventlonsl unshielded thermocouples may introduce errors
in the compubtation of work input of the order of 40 percent. Mechanical
means of measuring torque can be employed to determine the compressor
work input; however, it is not always feaslble to lnstall the necessary
devices on a composite engine,

The results of an investlgation conduocted at the NACA Lewis labora-
tory in which an sttempt hag been mede to determline the actual guentity
of water vapor and the true totel temperature at the compressor outlet
are presented herein. These date are used to compute the compressor work
Input, as oubtlined iIn reference l; and a correlation with measured shafd
Input, as found by use of a strain-gage torquemeter, ls presented.
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APPARATUS AND INSTRUMENTATION
Apparatus

A double-entry turbojet-engine compressor was driven by a
9000-horsepovwer . variable-frequency induction motor through s speed
increaser. The inlet air passed through a submerged flat-plate orifice
into a depression tank housing the coupressor. Water was injected into
the Inlet alr stream epproximately 10 inches upstream of the front and
rear inducer sectlons of the impeller, The water-air mixture discharged
from the impeller through 14 coumpressor discharge ducts. These dis-
charge ducts were used to provide space for compressor outlet instru-
mentation (fig. 1) and are not found in the conventional turbojet-engine
assenbly.

The inlet ducting, the depression tank, and the 14 dlscharge ducts
wvere insulated to minimize heat trensfer between the working fluld and
the room air.

Instrumentation

A high-speed strain-gage torguemeter (rqfexence 2) was used to
determine the shaft work input. PFour torquemeter strain gages were
mounted inside the hollow coupling shaft between the speed increaser
and the compressor impeller.

Determination of the work. input to the compressor from the enthalpy
rise with wet compression required the following instrumentation:

(1) Inlet instrumentation: The air welght flow through the com-
pressor wes measured with a submerged flat-plate orifice located in a
straight section of the inlet ducting. An electric psychrometer was
used to determine the sgpecific humidity of the air, A rotameter was
installed to measure the weight flow of the water supplied to the com-~
pressor, end a thermocouple was used to obtaln the water temperature.

Two thermocouple regkes on opposite sides of the depression tank
together with two total-pressure rakes_and two static-pressure taps
were used to determine the state of the inlet air, The wall static-
pressure taps were located in the same plane as the thermocouple and
the total-pressure rekes. All inlet instrumentation was installed
upstream of the water spray nozzles; therefore, conventional unshielded
thermocouples were used.
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(2) Outlet instrumentation: Compressor-outlet measurements were
taken in the discharge ducts approximately 345 inches downstream of

the diffuser turning vanes. Two wall statlc-pressure taps were
installed on either side of the duct. Two total-pressure probes were
installed 90° from the static-pressure taps with the depth of immersion
equal to one-third the passage diameter. A schematic diasgram of the
special outlet instrumentation required for this investigation 1s

shown in figure 2.

Sempling probes (fig. 3(a)) designed and developed at the NACA
Lewis laboratory were installed to obtain a vapor-alr sample at the
compressor outlet. A separate investligation was conducted to obtain
ssmplers that would recover a vapor-sir mixture free from water
droplets. These sampling probes were located in 7 of the 14 compressor
discharge ducts in the seme plene as the total-pressure probes and
static-pressure taps.

Seven wet- and dry-bulb thermocouples loceted in chsmbers
(fig. 3(b)) were used in conjunction with the vapor-alr sampling probes
to determine the vapor-alr ratio of the samples. A heat exchanger was
used to reduce the temperasture of the vapor-asir samples below the boil-
ing point of water prior to passing the mixture over the wet- and dry-
bulb thermocouples, The reduction in temperature was insufficlient to
condense the vapor in the ssmple.

Seven shielded thermocouples (figs. 3(c) and 4) designed and
developed at the NACA Lewis laboratory were located in the discharge
ducts in the same plane as the other outlet imstruments. The shielded
thermocouples were of a special design that eliminsated the possibility
of water droplets making contact with the couple. An individusl cal-
ibration of each thermocouple was made to insure a true total-~
temperature indication.

METHODS
Procedure
A double-entry centrifugal compressor was operated at an inlet
pressure of 14 inches mercury absolute, ambient inlet-air temperature,

varying weight flow, and an equivalent impeller speed of 11,800 rpm.
The inlet water-air ratios by weight ranged from 0.02 to 0.05.
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Computations

Work input es obtained with the torquemeter was determined in ac-
cordance with reference 2. Independent investigations were made to de-
termine the accuracy of the torquemeter and showed that the total work
input as determlined by this method was accurate to within *1 percent.

Determination of work input from the enthalpy rise through the
compressor was carrled out as follows:

(1) Inlet enthalpy: The inlet enthalpy was determined in accord-
ande with reference 1.

(2) Outlet enthalpy: The vapor-air ratio at the cowpressor outlet
was found by use of the sampling probes and the wet- and dry-bulb
thermocouples. From the known inlet specific humidity, duantity of’
water injected into the compressor, and the vapor-air ratio at the com-
pressor outlet, the actual quantity of weter droplets at the outlet was
computed. These dats with the measured compressor-outlet total tem-
perature and total pressure were used to compute the outlet enthalpy
(reference 1).

The work imput wes determined from the enthalpy rise and the air
welght flow through the compressor.

RESULTS AND DISCUSSION

A correlation between the compressor work input as determined
from the thermodynamlc method of reference 1 and from the shaft input
method is presented in flgure 5. When the concentration of water
droplets at the compressor-cutlet measuring station is small, the work
input as determined from the enthslpy rise agrees quite well with that
obtained by mechanical means. As the concentration of water droplets
is Increased, a more pronounced scattering of the data results. Var-
iations in the compressor work input include those due to inaccuracies
in messurements of compressor air weight flow and compressor ilorque,
which may together have a cumulative error of &2 percent.

Although theoretically the outlet measurements may be taken at
eny measuring statlion after the impeller exit, the scatter of data at
high water droplet-air ratios indicates that the outlet ilnstruments
should be located as far downstream as possible whéere maximum evapor-
ation will have teken place.
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CONCLUDING REMARKS

From the messured quantity of water vapor and the measured total
temperature at the compressor outlet, the work input to a centrifugsl
compressor operating with water injection has been determined by
thermodynemic means. When the concentration of water droplets at the
campressor-outlet measuring station is small, the work input as de-
termined from the enthalpy rise egrees quite well with thet obtained
by mechanicel means. As the concentration of water droplets is in-
creased, & more pronounced scattering of the data results.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronauties,
Cleveland, Ohio.
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Figure 1.

- Schematlc section of double-entry centrifugel compressor used in determi-
natlon of work input when water is injected. ’ L
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Figure 2, - Speclal cmnpréssor—outlet Ingtrumentation for compressor operating with
water InJection.
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~ Outlet instrumentation for centrifugal campressor operating with water

Flgure 3.
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Figure 4, ~ Shislded thermocouple.
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